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Nanotechnology:	science	of	manipulaKng		maLer	at	the	molecular	scale	and	holds	the	promise	of	providing	significant	improvements	in	
technologies,	including	industrial	manufacturing,	human	health,	medicine,	personal	care,	and	even	environmental	protecKon		

Fonte:		
Yokel	and	MacPhail,	2011	

Nanomaterials:	at	least	one	dimension	between	1	and	100	nm	
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NATURAL	NANOPARTICLES	

sedimentary environments.6 In these processes, various nano-
structures of iron oxides and oxyhydroxides form and persist
under certain conditions, especially at redox and pH interfaces.
Based on surveys of the global budget of inorganic nano-
particles,7 naturally occurring iron oxide nanostructures may
be 105 Tg (teragram or 1012 g) by mass in soils, assuming they
only account for one percent of inorganic nanoparticles.
Redistribution of nanostructured iron oxides by wind, rivers
and glaciers, and ocean currents may contribute to Tg scale
ux annually.

Nanoparticulate iron oxides and oxyhydroxides, due to their
large surface area and high chemical activity, contribute
signicantly to the immobilization of heavy metals (by adsorp-
tion or incorporation), the variation of pH and redox potential,
Eh (through biogeochemical reactions), and the provision of
essential nutrients to animals and plants, especially in Fe-
decient open oceans. For example, heavy metals such as As
and U are toxic to the biosphere, but may be exposed by activ-
ities such as mining, and iron oxide nanostructures are known
to scavenge these toxins effectively. For all these activities, their
nanomorphologies and crystallinity are important factors in
determining their activity and efficiency. It has been shown that
the adsorption capacities of As and U by ferrihydrite decrease
remarkably with either increasing crystallinity or trans-
formation to more crystalline phases (such as goethite or
hematite).8–10 As another example, the morphology of hematite
nanoparticles was found to inuence the bioactivity of iron-
reducing bacteria (Shewanella oneidensis MR-1).11

Low-temperature environmental conditions and places that
have high degrees of supersaturation of different elements are
believed to be conducive to the formation and retention of large
quantities of nanoparticles.1 The supersaturation is typically
created by changing the physical and chemical conditions, such
as inux of Fe(II)-rich hydrothermal vent uids, mixing of highly
acidic solutions with neutral pH water, and the evaporation of
soil solutions.1 Once formed, iron oxide and oxyhydroxide
nanoparticles are redistributed by rivers, glaciers, winds, and
ocean currents into various ecosystems,7 where they can
undergo continuous phase transformations, dissolution, and
morphology changes. Fig. 2 shows four nanophases of iron
oxides (ferrihydrite, goethite, schwertmannite, and hematite)
found in terrigenous sediments carried by glaciers and icebergs.

The physical and chemical conditions of waters differ in
temperature, pH, concentration of ions, supersaturation of
oxygen, content of organic matter, and redox potential (Eh). The
temperatures of surface waters undergo seasonal and regional
variations, mostly below 35 !C. In deep-sea hydrothermal
venting uids the temperature may reach 400–500 !C under
hundreds of bars hydraulic pressure.14,15 The pH ranges from
very alkaline to strongly acidic (for example, the pH of acidmine
drainage can be negative16). The concentrations of various ions,
supersaturation of oxygen, ux of organic matter, and redox
potential vary with places and depths. All these conditions also
inuence microbial activities and, therefore, the phases and
morphologies of biotic iron oxides.

Soils are heterogeneous arrangements of solid matter and
pores lled with gaseous (soil air) and aqueous (soil solution)

phases,17 in addition to organic matter, microbes and other
organisms. Their temperatures are generally below 60 !C (as in
arid tropics), but may temporarily reach several hundreds of
Celsius degrees in rare events of wild res. Forest res
generate ash which leads to high pH (as high as 10) envi-
ronments, which, together with the long-time participation of
microbes, modify the iron oxides in top soil.18 The microen-
vironmental conditions in soil pores and solutions, including
partial pressures of O2 and CO2, redox potential, and humidity
vary largely with space and time. High-temperature processes,
such as volcanic ash plumes which were mentioned as one of
the primary major sources of naturally occurring inorganic
nanoparticles (other primary major sources are soils and
sediments, deep-sea hydrothermal vents which are outlets of
underwater volcanoes, and sea spray which is aerosol gener-
ated by wave tip bursting),7 may be less signicant for the
formation of iron oxide nanoparticles compared to low-
temperature environments. This makes the materials chem-
istry of iron oxides unique, and topical as we strive to learn
more about the naturally occurring nanoparticles in the
environment.

Therefore, in this review we will provide an overview and
insight into the relationship between stability, morphology and
the natural environments of water and soils where iron oxide
nanoparticles are frequently found, paying specic attention to
how the surrounding chemistry and conditions give rise to
specic materials, and to different morphologies. We will focus
on the most ubiquitous materials, and those that consistently
occupy the nanoscale (Table 1). As there have previously been
numerous reviews published on the synthesis and character-
ization of engineering iron oxide nanoparticles,19,20 we restrict
our attention to naturally occurring samples (detailed in indi-
vidual sections), but will draw from sources in the elds of
chemistry, materials science, geology and computational
physics.

Fig. 2 Iron oxide nanoparticles in iceberg-hosted sediments: (a) irregular shaped
aggregate of ferrihydrite, (b) acicular twinned goethite, (c) schwertmannite pin-
cushion spheroidal aggregates, and (d) hematite nanoparticles of irregular
rounded shapes. (a–c) are from ref. 12, Copyright (2011), (d) is from ref. 13,
Copyright (2011); both with permissions from Elsevier.

28 | J. Mater. Chem. A, 2013, 1, 27–42 This journal is ª The Royal Society of Chemistry 2013
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Naturally occurring iron oxide nanoparticles:
morphology, surface chemistry and environmental
stability

Haibo Guoa and Amanda S. Barnard*b

The widespread nanostructures of iron oxides and oxyhydroxides are important reagents in many
biogeochemical processes in many parts of our planet and ecosystem. Their functions in various aspects
are closely related to their shapes, sizes, and thermodynamic surroundings, and there is much that we
can learn from these natural relationships. This review covers these subjects of several phases
(ferrihydrite, goethite, hematite, magnetite, maghemite, lepidocrocite, akaganéite and schwertmannite)
commonly found in water, soils and sediments. Due to surface passivation by ubiquitous water in
aquatic and most terrestrial environments, the difference in formation energies of bulk phases can
decrease substantially or change signs at the nanoscale because of the disproportionate surface effects.
Phase transformations and the relative abundance are sensitive to changes in environmental conditions.
Each of these phases (except maghemite) displays characteristic morphologies, while maghemite
appears frequently to inherit the precursor’s morphology. We will see how an understanding of
naturally occurring iron oxide nanostructures can provide useful insight for the production of synthetic
iron oxide nanoparticles in technological settings.

1 Introduction

The materials chemistry of nanoscale structures is a topic of
intense and widespread research, and signicant investment is
directed toward developing reliable techniques to engineer
nanomaterials indirectly, by controlling the surrounding
chemistry. Specic precursors, solvents and surfactant are
routinely employed, in combination with prescribed tempera-
tures, pressures, or both. The origins of this approach begins
with observations of naturally occurring nanomaterials and the
geological or biogenic processes involved, which are (in many
ways) more advanced than our own.1–3 Nanoparticles and more
complex nanostructures (such as nanopores or nanoframes) are
formed and reside in many different parts of the environment,
and in their inhabitants. There is still much that we can learn
from studying how natural nanomaterials evolve and mature,
and how their size, shape and phase are related to their
surrounding chemistry.

The elemental abundance of oxygen, hydrogen and iron at
the surface and in the Earth’s crust has fostered widespread
occurrences of iron oxides and oxyhydroxides in a diverse
range of aquatic and terrestrial environments. Ten of the 14
known iron oxides and oxyhydroxides are known to occur in

nature, with hematite (Fig. 1a), magnetite (Fig. 1b) and
goethite (Fig. 1c) being the most abundant as rock-forming
minerals; ferrihydrite, maghemite (Fig. 1d) and lepidocrocite
(Fig. 1e) being intermediately abundant in many locations; and
wüstite, akaganéite, feroxyhyte, and bernalite being the least
abundant.4 A number of bio-geochemical processes involve
iron oxides and oxyhydroxides, which function as electron
sinks or donors, absorbents, nutrients, and magnetotaxis and
magnetoreceptors. Iron cycling, which generally starts from
Fe(II)-containing primary rocks (e.g. pyrite), is common and
active in many parts of ecosystems, such as marine5 and

Fig. 1 Schematic representation of the most abundant iron oxide and oxy-
hydroxides: (a) hematite, (b) magnetite, (c) goethite, (d) maghemite, and (e)
lepidocrocite. Ferrihydrite is not shown as the structure is still under debate in the
literature. All structures are viewed from the h001i or h0001i directions.
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are closely related to their shapes, sizes, and thermodynamic surroundings, and there is much that we
can learn from these natural relationships. This review covers these subjects of several phases
(ferrihydrite, goethite, hematite, magnetite, maghemite, lepidocrocite, akaganéite and schwertmannite)
commonly found in water, soils and sediments. Due to surface passivation by ubiquitous water in
aquatic and most terrestrial environments, the difference in formation energies of bulk phases can
decrease substantially or change signs at the nanoscale because of the disproportionate surface effects.
Phase transformations and the relative abundance are sensitive to changes in environmental conditions.
Each of these phases (except maghemite) displays characteristic morphologies, while maghemite
appears frequently to inherit the precursor’s morphology. We will see how an understanding of
naturally occurring iron oxide nanostructures can provide useful insight for the production of synthetic
iron oxide nanoparticles in technological settings.

1 Introduction

The materials chemistry of nanoscale structures is a topic of
intense and widespread research, and signicant investment is
directed toward developing reliable techniques to engineer
nanomaterials indirectly, by controlling the surrounding
chemistry. Specic precursors, solvents and surfactant are
routinely employed, in combination with prescribed tempera-
tures, pressures, or both. The origins of this approach begins
with observations of naturally occurring nanomaterials and the
geological or biogenic processes involved, which are (in many
ways) more advanced than our own.1–3 Nanoparticles and more
complex nanostructures (such as nanopores or nanoframes) are
formed and reside in many different parts of the environment,
and in their inhabitants. There is still much that we can learn
from studying how natural nanomaterials evolve and mature,
and how their size, shape and phase are related to their
surrounding chemistry.

The elemental abundance of oxygen, hydrogen and iron at
the surface and in the Earth’s crust has fostered widespread
occurrences of iron oxides and oxyhydroxides in a diverse
range of aquatic and terrestrial environments. Ten of the 14
known iron oxides and oxyhydroxides are known to occur in

nature, with hematite (Fig. 1a), magnetite (Fig. 1b) and
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The widespread nanostructures of iron oxides and oxyhydroxides are important reagents in many
biogeochemical processes in many parts of our planet and ecosystem. Their functions in various aspects
are closely related to their shapes, sizes, and thermodynamic surroundings, and there is much that we
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aquatic and most terrestrial environments, the difference in formation energies of bulk phases can
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from studying how natural nanomaterials evolve and mature,
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(Fig. 1e) being intermediately abundant in many locations; and
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Iron	Oxide	as	an	example	of	naturally	occurring	NM		
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•  >6000	commercially	available	products	

•  >800	companies		

•  47	countries	

•  1	million	tons	/	year	(0.75	is	ultrafine	TiO2)		

•  1.5	Trillions	$	by	2015	???		(NSF,	2001)	

ENM facts

Source	2010,hLp://www.nanotechproject.org/	
Source	2016,	hLp://product.statnano.com/	
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ENM facts
PPP corrected funding of nanotechnologies by country (source: Cientifica Ltd 2011)
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 Funding of nanotechnologies by country (source: Cientifica Ltd 2011)

This year, according to our estimates, in PPP terms China will spend US$2.25 billion in nanotechnology re-

search while the US will spend US$2.18 billion. However, in real dollar terms, adjusted for currency ex-
change rates, China is only spending about US$1.3 billion to the US’s $2.18 billion. 

But China is not the first country to outspend the United States. Japan and Russia have also managed to 

snatch a temporary lead before falling back. In absolute terms the United States still comprehensively out-

spends everyone else. 

A clear trend is emerging: while nanotechnology research spending in Europe and North America is still ris-

ing, the fast growth rates are seen in Asia. 

Asian investment in nanotechnologies was poised to be largest in the world until RusNano was formed with 

its huge budget.  

C i e n t i f i c a  L t d                                                                                                                   G l o b a l  F u n d i n g ,  J u l y  2 0 11
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ENM facts

Funding of nanotechnologies by region (source: Cientifica Ltd 2011)

Measuring The Ability Of Nations To Capitalize On Nanotech R&D
Simply looking at the amount of funding -- whether in raw dollars or PPP corrected -- fails to tell the whole 

story. Just because a country throws huge amounts of money at research it does not necessarily follow that 

the research conducted will have an impact on the economy.

Some countries have excellent research institutions but little in the way of industry-academic cooperation, 

while others may have large companies who spend little on R&D. In order to obtain a more accurate picture 

of which economies are best placed to translate research funding into an economic benefit, we used data 

from the World Economic Forum’s annual Global Competitiveness Report. 

The rankings in the Global Competitiveness Report are calculated from both publicly available data and the 
Executive Opinion Survey, a comprehensive annual survey conducted by the World Economic Forum to-

gether with its network of Partner Institutes (leading research institutes and business organizations) in the 

countries covered by the report.

By combining macroeconomic data such as overall global competitiveness, quality of scientific institutions, 

capacity for innovation and levels of company spending on R&D with a number of other relevant factors we 

are able to produce an Emerging Technology Exploitation Factor, a measure of the economic impact of 

emerging technologies, and the efficiency and likelihood of translating technology funding into the economy. 

C i e n t i f i c a  L t d                                                                                                                   G l o b a l  F u n d i n g ,  J u l y  2 0 11
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ENM facts

Source	2016,	hLp://product.statnano.com/	
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•  Silver	is	an	extremely	reacKve	metal	
•  in	rapid	diffusion	at	European	and	world	level		
•  3	tons/y	in	Switzerland	(one-third	in	the	texKle		industry)	
	
•  Several	fields	of	applicaKon:	
•  AnK-microbial	acKvity	(food	preservaKve,	water	purificaKon,	addiKve)		
•  Paints	&	coaKng	
•  Electronics	
•  Industrial	catalysis	??	(5000	tons/y	bulk	Ag)	
•  …	

Nano	Silver	

h6p://www.nanotechproject.org/	
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AIM	AND	OUTLINES	OF	THE	WORK	
-	InvesKgaKon	of	silver	nanoparKcles	(AgENPs)	effects	in	the	marine	environment	

-	Use	of	the	marine	filter	feeding	organism	My.lus	galloprovincialis	Lam	as	bioindicator	

-  QuesKons	addressed:	

1.  What	is	the	contribuKon	of	the	intrinsic	nano-form	to	Ag	toxicity	

2.  When	silver	NPs	are	toxic	to	mussels	(Point	Of	Departure)?	

3.  Can	AgENP	toxicity	be	predicted	for	high	order	levels	of	biological	organizaKon	(populaKon)?		

4.  What	is	the	mode	of	ac<on	of	AgENP	and	what	are	the	differences	with	the	ionic	form?		
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Marine mussels as env monitorsMussels for biomonitoring and 

ecophysiology
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Marine mussels as env monitors

  

Biogeographical distribution

There are four main ecotypes:
M. edulis
M. galloprovincialis
M. trossulus
M. californianus

Genetic introgression of one 
species into another is usual

Genetic information for 
such organisms is often 
fragmentary and no 
information for M. 
trossulus so far

  

Biogeographical distribution

There are four main ecotypes:
M. edulis
M. galloprovincialis
M. trossulus
M. californianus

Genetic introgression of one 
species into another is usual

Genetic information for 
such organisms is often 
fragmentary and no 
information for M. 
trossulus so far

A	growing	body	of	informaKon	on	mussel	physiology,	geneKcs	and	genomic	informaKon	is	available.		



Nanogentools	confiden.al	
	

14	

AIM	AND	OUTLINES	OF	THE	WORK	
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Biological	complexity	and	informaKonal	levels	
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Three	levels	of	study:	

Organismic	level	

toxicological	descriptors	and	Point	of	Departure	(POD)	

MechanisKc	
level	

Mode	Of	Ac<on	(MOA)		by	means	of	a	systemaKc		
assessment	(transcriptomics)		

Ecophysiological	
level	

PredicKonn	of	high	order	level	effects	
from	long-term	change	assessment	in	

the	energy	parameter	responses	
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Biological	complexity	and	informaKonal	levels	
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AgNO3	
Powder,	Sigma	Aldrich,	

99%	

Ag	50nm	
powder,	manufactured	by	
Nanotrade,	Czech	Republic	

Ag	5nm	
1000	ppm	stable	water	suspension,	manufactured	

and	provided	by		Amepox,	Poland	

NANOPARTICLES	TESTED	
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Organismic	level	
Ecotoxicological	caracterizaKon	of	ENPs	(acute,	

subchronic	and	chronic	tests).		
IdenKficaKon	of	full	range	of	toxicity	endpoints	

MechanisKc	
level	

Molecular,	Biochemical	and	cytochemical	
approach.		

EvaluaKon	of	oxidaKve	stress	by	starKng	from	
ReacKve	Oxygen	Species	(ROS)	based	Mode	Of	

AcKon	(MOA)	

Ecophysiological	
level	

EvaluaKon	of	long-term	changes	in	the	
energy	parameters/physiological	responses	

of	bivalve.	
ApplicaKon	of	the	Dynamic	Energy	Budget	

(DEB)	model	
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Animals	
My.lus	galloprovincialis		in	aerated	35‰	ar<ficial	seawater	
(3.5	L/min)	a	18°C,	pH	8	±	0.5,	1	L	per	animal.	
AcclimaKzed	for	30	days	(daily	food	addicKon)	
	
Exposure	
Semi-staKc	condiKons,	silver	added	daily	along	with	water	renewal		
from	freshly	prepared	stock	water-suspension.		
Four	days	of	exposure.	10	animals	per	biological	replicate	(5)	
	
Nanopar<cles,	primary	characteriza<on	and	doses	
AgENPs	5nm	and	50nm,	AgNO3	
5	nominal	exposure	levels	with	a	log10	series:	
	10	mg/L	–		0.001	mg/L	
Primary	characterizaKon	of	AgENPs	(TEM,	DLS)	
	
Secondary	characteriza<on	
Water	samples	were	withdrawn	at	regular	intervals	(0-1-4-24	h)	and	analysed	for	dissolved	(ionic)	silver	fracKon	content	
(ICP-MS,	LOD	0,5	µg/L).	
Secondary	characterizaKon	of	nanoparKcles	in	seawater	(DLS)	

EXPERIMENTAL	DESIGN	
Organismic	level	
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Organismic	level	

Nano	silver	fate	in	seawater	

Appendice 1

1.1 Caratterizzazione primaria delle nanoparticelle di Argento da 8 nm.

La caratterizzazione primaria delle nanoparticelle di Ag da 8 nm è stata realizzata da un 

laboratorio esterno incaricato dal produttore, tramite le tecniche del Dynamic Light Scattering 

(DLS) e con osservazioni al Microscopio Elettronico a Trasmissione (TEM). 

I dati che ci sono stati forniti da questo tipo di analisi ci dimostrano che l'argento in 

dispersione fornitoci dall'industria polacca Amepox per le sperimentazioni sono 

effettivamente nanoparticelle che in forma isolata rientrano in un range tra i 3-8 nm (TEM) e 

che sono presenti anche sotto forma di aggregati ben separati di circa 100 nm (DLS).  

1.2 Caratterizzazione secondaria

Anche la caratterizzazione secondaria è stata svolta da un laboratorio esterno, a cui sono stati 

forniti  campioni della Artificial Sea Water (ASW) utilizzata durante le sperimentazioni. Le 

analisi sono state realizzate, anche in questo caso, tramite la tecnica del DLS, questa volta tesa 

a valutare quale fosse la cinetica di aggregazione delle nanoparticelle di argento all'interno 

dell'ASW .

Le informazioni ottenute sono confrontate con quelle ricavate dall'analisi cinetica delle stesse 

particelle in acqua MilliQ.

92
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Dai grafici qui sopra riportati, è facilmente individuabile come il destino dell'Ag 

nanoparticellato all'interno dei due diversi tipi di mezzo sia completamente diverso.

Infatti, mentre nel caso dell'acqua MilliQ le dimensioni delle particelle in soluzione si 

mantengano pressoché costanti nel tempo, nel caso dell' ASW si può osservare un aumento di 

dimensione delle particelle in sospensione al passare del tempo, questo dovuto all'instaurarsi 

di un processo di aggregazione, che porta alla probabile precipitazione dei suddetti aggregati. 

93
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Organismic	level	

Nano	silver	fate	Seawater	

Dai grafici qui sopra riportati, è facilmente individuabile come il destino dell'Ag 

nanoparticellato all'interno dei due diversi tipi di mezzo sia completamente diverso.

Infatti, mentre nel caso dell'acqua MilliQ le dimensioni delle particelle in soluzione si 

mantengano pressoché costanti nel tempo, nel caso dell' ASW si può osservare un aumento di 

dimensione delle particelle in sospensione al passare del tempo, questo dovuto all'instaurarsi 

di un processo di aggregazione, che porta alla probabile precipitazione dei suddetti aggregati. 

93

Di sopra riportata, per definire più precisamente quelle che sono state le osservazioni tramite 

l'utilizzo del DLS si può notare un ragguaglio su quelli che sono stati i risultati ottenuti al 

passare, anziché delle ore, dei giorni. Al giorno 1 le dimensioni degli aggregati si attestano tra 

i 500 e i 1000 nm. 

94

DLS	analysis	 DLS	analysis	
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Organismic	level	

Seawater	silver	concentraKon	

LOD	(detecBon	limit	of	the	technique):		0,0005	mg/L		
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A	kineKc	model	for	silver	availability	
l Set	up	kineKc	models	for	silver	bioavailability	in	the	water	column	based	on	the	logisKc	curve	(starKng	from	ICP-MS	data	of	total	
silver	for	each	Ag	form)	

	
	

p=2.67E-07	
		

R	=	0.95	

Example:	5	nm	Ag-NP	kine<c	bioavailability	model		
(1	mg)	
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Organismic	level	

DeterminaKon	of	ACTUAL	SILVER	DOSE	

Actual	silver	doses	for	5	nm	
AgENP	(mg/L/d)	

INTEGRATED	STANDARDIZED	SILVER	DOSE	

y=	max/(1+(x/τ))b	

y	=	Silver	concentraKon	(mg/L)	
x	=	Kme	(h)	
τ	=	half	life	(h)	of	silver	in	the	water	column		

b	=	slope	of	the	log	phase		
max	=	silver	concentraKon	at	Kme	zero	

Nominal	10mg/L	 Nominal	1mg/L	

Nominal	0,1mg/L	 Nominal	0,01mg/L	
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A	kineKc	model	for	silver	availability	
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Fig 8 - Kinetic model for AgNO3 persistence in seawater.  
Shown are curves and integrals obtained from fitting chemical data obtained at each exposure level (from 10 
mg/L to 0.001 mg/L, left to right, top to bottom) into the logistic model. Each integral was resolved between 

0 and 24 (h) to calculate the actual silver dose (mg/L/d) available to mussels during each exposure day. 

Fig 9 - Kinetic model for AgNP 5nm persistence in seawater.  
Shown are curves and integrals obtained from fitting chemical data obtained at each exposure level (from 10 
mg/L to 0.01 mg/L, left to right, top to bottom) into the logistic model. Each integral was resolved between 0 

and 24 (h) to calculate the actual silver dose (mg/L/d) available to mussels during each exposure day. 

 

38 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 8 - Kinetic model for AgNO3 persistence in seawater.  
Shown are curves and integrals obtained from fitting chemical data obtained at each exposure level (from 10 
mg/L to 0.001 mg/L, left to right, top to bottom) into the logistic model. Each integral was resolved between 

0 and 24 (h) to calculate the actual silver dose (mg/L/d) available to mussels during each exposure day. 

Fig 9 - Kinetic model for AgNP 5nm persistence in seawater.  
Shown are curves and integrals obtained from fitting chemical data obtained at each exposure level (from 10 
mg/L to 0.01 mg/L, left to right, top to bottom) into the logistic model. Each integral was resolved between 0 

and 24 (h) to calculate the actual silver dose (mg/L/d) available to mussels during each exposure day. 
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Organismic	level	

r2	=	0,88	

Acute	toxicity	as	a	funcKon	of	actual	silver	dose	(96h)	

*	
*	

*	

*	
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Organismic	level	

Chronic	toxicity	(byssus)	as	a	funcKon	of	actual	silver	dose	

r2	=	0,79	
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Bioaccumula5on pa7ers



Nanogentools	confiden.al	
	

30	

Organismic	level	

BioaccumulaKon	of	silver	in	mussel	body	as	a	funcKon	of	actual	silver	dose	
(log-log)	

r2	=	0,76	

Log	mg/L/d	

log	mg/Kg	



Nanogentools	confiden.al	
	

31	

Organismic	level	

Log	mg/L/d	

log	mg/Kg	

Mortality vs internal dose
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Organismic	level	

Take	home	message	

•  The	main	factor	driving	gross	silver	toxicity,	i.e.	mortality	is	the	
actual	concentra.on	in	the	water	column;	

•  The	“par.cle	effect”	is	relevant	in	the	context	of	chemical/
physical	processes	occurring	in	the	seawater	(sedimenta.on,	
aggrega.on,	etc)		
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Organismic	level	

ECOTOXICOLOGICAL	ENDPOINTS	

particle	
size/other	

characteristic
endpoint NOEC LOEC EC1 EC5 EC10 EC20 EC50 units

AgNO3 96h	mortality 0,02083 0,56958 0,00176 0,01565 0,04203 0,12279 0,76764 mg/L/h
amepox	3-8nm 96h	mortality 0,16625 0,40667 0,00802 0,04089 0,08546 0,19022 0,74697 mg/L/h
nanotrade	50	nm 96h	mortality 0,00445 0,04454 0,00035 0,00618 0,02271 0,09332 1,04492 mg/L/h
AgNO3 survival	time	probability	after	emersion 0,00156 0,02083 na na na na mg/L/h
amepox	3-8nm survival	time	probability	after	emersion 0,00046 0,00596 na na na na mg/L/h
nanotrade	50	nm survival	time	probability	after	emersion 0,00004 0,00045 na na na na mg/L/h
AgNO3 bissus	synthesis 0,00156 0,02083 0,00039 0,00090 0,00130 0,00195 0,00388 mg/L/h
amepox	3-8nm bissus	synthesis 0,00596 0,16625 0,00007 0,00056 0,00146 0,00415 0,02464 mg/L/h
nanotrade	50	nm bissus	synthesis 0,00445 0,04454 na na na na na mg/L/h

Regressed	value	
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Ecophysiological	effects	

5	nm	AgENPs	and	AgNO3	were	tested	

TWO	nominal	exposure	concentraKons	were	considered	according	to	the	Ag	logis<c	model:	

Nominal	dose	

Ø  20	µg/L	

Ø  2.0	µg/L		

Actual	dose	(silver	standardized	integrated	dose)	

-≅	1.0	μg/L/h	(5	nm	AgENP	EC10	(LOEC)	for	short	term	chronic	toxicity	test)	

-≅	0.1	μg/L	/h	(5	nm	AgENP	EC1	(NOEC)	for	short	term	chronic	toxicity	test)	
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Ecophysiological	effects	

5	nm	AgENPs	and	AgNO3	were	tested	

SAME	ACTUAL	RANGE	FOR	SILVER	NITRATE	WAS	SELECTED	
	
		
	Nominal	dose	

0.2	µg/L		

2	µg/L		

	

20	µg/L		

Actual	dose	(silver	standardized	integrated	dose)	

-->	0.1	μg/L/h 	comparable	with	AgNP2	

-->	1	μg/L	/h	 	comparable	with	AgNP20		

	

-->	10	μ/L/h		 	10	Kmes	higher	than	any	AgNP	
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Ecophysiological	effects	

AgENPs	impacts	on	physiological	performance	of	MyBlus	galloprovincialis	Lam.		
	
Animals	were	kept	in	mesocosms	(microcosms)	for	4	weeks.		
	
Acclimata<on:	animals	transported	to	the	laboratory	under	temperature/humidity	controlled	condiKons,	cleaned	from	epibionts	and	allowed	to	
acclimate	for	15	days	at	a	temperature	of	22	°C	(natural	filtered	seawater	~37	‰	salinity;	pH	8.0-8.1;	constantly	aerated	60	L/h).	Organisms	were	
fed	daily	fresh	cultures	of	Nannochloropsis	spp.	or	Isochrysis	galbana	using	adjustable	drip.		

Experimental	design:	Organisms	treated	for	28	days	in	mesocosms.	
Ag	 added	 daily	 to	 experimental	 samples.	Natural	 filtered	 seawater	 (1	 L/
animal)	constantly	aerated	at	60	L/h	was	used.		
Organisms	were	 fed	 ad	 libitum	with	 fresh	 algal	 cells	 of	Nannochloropsis	
spp	or	Isochrysis	galbana.	Temperature,	pH	and	[02]	were	daily	monitored	
and	maintained	at	constant	level	(25°C	and	pH	value	of	8.0	±	0.2)		
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Organismic	level	
Ecotoxicological	caracterizaKon	of	ENPs	(acute,	

subchronic	and	chronic	tests).		
IdenKficaKon	of	full	range	of	toxicity	endpoints	

MechanisKc	
level	

Molecular,	Biochemical	and	cytochemical	
approach.		

EvaluaKon	of	oxidaKve	stress	by	starKng	from	
ReacKve	Oxygen	Species	(ROS)	based	Mode	Of	

AcKon	(MOA)	

Ecophysiological	
level	

EvaluaKon	of	long-term	changes	in	the	
energy	parameters/physiological	responses	

of	bivalve.	
ApplicaKon	of	the	Dynamic	Energy	Budget	

(DEB)	model	
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Ecophysiological	effects	

•  FiltraKon	efficiency	measured	as	filtraKon	capacity	of	food	by	mussels	in	a	
defined	volume	of	water	within	two	hours	

Clearance	rate	(CR)	

• Efficiency	with	which	organic	maLer	is	absorbed	by	mussels	from	the	ingested	
food	

AbsorpKon	Efficiency	(AE)	

• Measurement	of	the	respiraKon	rate	of	individuals	through	sensor	arranged	for	
measuring	the	decline	in	dissolved	oxygen	within	a	respirometric	chamber	

RespiraKon	rate	(RR)	
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Clearance	rate	
CR	=	(Vol)	×	(loge	C1	−	loge	C2)	/	

Kme	interval	in	h	

Absorp<on	efficiency	
AE	=	(F-E)/[(1-E)	F]	

Respira<on	rate	
RR	=	[C(t0)	−	(C(t1)]	·	(Vr)	·	60/(t1	–	t0)	

Consump<on	rate	
C	=	FR	(L	h-1	g-1	DW)	x	OM	(mg	L-1)	x	0.5	(mg	C	

mg-1	OM)	x	18.43	J	mg-1	

Ecophysiological	effects	
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Ecophysiological	effects	

SCOPE	FOR	GROWTH	(SFG)	
Measure	of	an	animal’s	actual	physiological	growth	potenKal.		
	
Summarizes	 the	 informaKon	on	 various	 physiological	 rate	 funcKons	 and	 is	 a	 closer	 approximaKon	of	 an	 animal	
actual	growth	rate,	closely	correlaKng	with	long-term	growth	performance		

C	=	P	+	R	+	E	+	F	
	

C	=	energy	consumed,	P	=	energy	used	for	animal	produc<vity,	R	=	energy	lost	in	respiratory	processes,	E	=	energy	excreted	in	
dissolved	by	products,	F	=	energy	lost	in	defecaKon	

	

SFG	=	P	=	C	–	(	R	+	E	+	F	)	
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Ecophysiological	effects	

Take	home	message	
•  For	nanoAg,	similar	predicKon	of	chronic	toxicity	test	(96h).		
•  Worse	effects	for	ionic	silver.	
•  Arrows	indicate	comparable	Ag	levels	according	to	the	predicKon	model	based	on	the	

logisKc	funcKon	

Scope for growth
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	Dynamic	Energy	Budget	Theory	approach	
	

PredicKon	of	how	energy	is	assimilated	and	assigned	to	the	different	needs	for	life	–	growth,	development,	and	
reproducKon	–	under	fluctuaKng	environmental	condiKons,	assuming	ambient	food	and	temperature	are	known.			

DEB	approach	



Nanogentools	confiden.al	
	

43	

DEB	approach	

	
Phase	I	first	we	need	to	get	DEB	parameters	of	target	species	and	this	phase	includes	both	experimental	and	
mathemaKcal	and	modeling	procedures	as	the	covariaKon	method;		
	
Phase	II	the	second	step	involves	a	number	of	experiments	in	lab	mesocosms	(herea�er	called	experimental	
phase	with	contaminant)	to	esKmate	how	funcKonal	traits	(e.g.	feeding,	respiraKon,	assimilaKon	rates	etc.)	change	
under	the	contaminant	treatment;		
	
Phase	III	once	invesKgated	at	which	level	of	the	energy	budget	the	target	contaminant	exerts	an	effect	(e.g.	
reducKon	of	assimilaKon	or	increase	the	maintenance	costs;	the	third	step	involves	the	DEB	simulaKon	to	predict	
the	potenKal	effect	of	the	target	contaminant	on	two	important	life	history	traits	as	body	size	and	fecundity.		
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DEB	approach	

Treatment	 AE	 %	CTRL	 Jxm	(J	h-1	cm-2)	 %	CTRL	 pM	 %	CTRL	

Control	(CTRL)	 0.93	 -	 8.2	 -	 0.84	 -	

Ag	ENPs	2	μg/L	 0.22	 -76	 43.0	 424	 0.53	 -37	

Ag	ENPs	20	μg/L	 0.14	 -85	 34.3	 318	 0.79	 -6	

AgNO3	0.2	μg/L	 0.27	 -71	 36.1	 340	 1.36	 61	

AgNO3	2	μg/L	 0.09	 -90	 36.6	 346	 1.12	 33	

AgNO3	20	μg/L	 0.06	 -94	 11.4	 39	 0.90	 8	

DEB	parameters	for	the	effect	of	Ag	ENPs	and	AgNO3	on	the	ecophysiological	performance	of	MyKlus	
galloprovincialis	

AE		absorpKon	efficiency	
Jxm		maximum	ingesKon	rate	for	an	individual	of	volume	V	
pM		volume-specific	maintenance	costs		
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DEB	approach	
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PREDICTION	OF	GROWTH	AND	FECUNDITY	
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Organismic	level	
Ecotoxicological	caracterizaKon	of	ENPs	(acute,	

subchronic	and	chronic	tests).		
IdenKficaKon	of	full	range	of	toxicity	endpoints	

MechanisKc	
level	

Molecular,	Biochemical	and	cytochemical	
approach.		

EvaluaKon	of	oxidaKve	stress	by	starKng	from	
ReacKve	Oxygen	Species	(ROS)	based	Mode	Of	

AcKon	(MOA)	

Ecophysiological	
level	

EvaluaKon	of	long-term	changes	in	the	
energy	parameters/physiological	responses	

of	bivalve.	
ApplicaKon	of	the	Dynamic	Energy	Budget	

(DEB)	model	
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MechanisKc	effects	

Metals	are	involved	in	the	generaKon	of	free	radicals	(ROS)	that	then	are	responsible	for	oxidaKve	stress	
and	cellular	injuries	

Prior	hypothesis:		
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MechanisKc	effects	

65%	

61%	
6%	

SILVER	BIOACCUMULATION	DYNAMICS	

0	

50	

100	

150	

200	

250	

AgNO3	 5nmAg	 50nmAg	

dig.	gland	

gills	

sum	Ag
	m

g	
/	k

g	
w
w
		



Nanogentools	confiden.al	
	

49	

MechanisKc	effects	
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High resolu5on arrays for My5lus spp

15	K	probes	–	Agilent	sure	array	technology	
	
•  Two	–color	array	for	nanoAg	and	ionic	Ag	effects	in	gills	
•  T7	cRNA	amplificaKon	and	labelling	
•  Common	reference	(no	treatment)	design	
•  LOESS	normalizaKon	
•  Linear	model	for	microarray	analysis	(LIMMA)	
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!

99!

population!per!se.!The!presence!of!ENPs!are!likely!to!change!environmental!settings,!which!

can! in! turn! affect! the! physiological! and! physical! fitness! of! testing! organisms.! Hence,! the!

adverse! effects! observed! in! vivo! should! be! partially! attributed! to! the! disruption! of! the!

energy!budget.!The!energy!budget!model!that!correlates!the!energy!essential! for! life!cycle!

activities!such!as!growth,!development!and!reproduction!with!environmental!variables!can!

be! a! useful! tool! to! quantify! the! energy! uptake! and! allocation! in! biological! systems! in! the!

presence!of!nanomaterials!(Holden!et!al.,!2013).!

Dynamic! Energy! Budget! (DEB;! Kooijman,! 2010)! enables! prediction! of! how! energy! is!

assimilated! and! assigned! to! the! different! needs! for! life! –! growth,! development,! and!

reproduction! –! under! fluctuating! environmental! conditions,! assuming! ambient! food! and!

temperature!are!known.!This!theory!is!based!on!Kooijman's!(2010)!κ8rule!which!states!that!a!

fixed! fraction! κ! of! energy/matter! mobilised! from! the! reserve,! is! allocated! to! growth! and!

somatic!maintenance!whilst! the! rest! is! devoted! to!maturity!maintenance,!maturation! and!

reproduction!(Fig.!43).!

!

!

The!use!of!DEB!model!in!a!context!of!pollution!research!needs!a!number!of!steps!as!follows:!!

Fig$43$'$Representation$of$the$energy$fluxes$following$the$DEB$approach$(Kooijman,$2000)$

!

108!

Our!analysis!of!M.!galloprovincialis!data!showed!that!ecophysiological!effects!on!respiration,!

food!assimilation!efficiency!and!growth,!measured!during!a!288day!exposure!period! (Table!

6),!would!cause!effects!upon!life8long!exposure!at!concentrations!as!low!as!2!and!20!μg/L!for!

ionic!Ag!and!Ag!ENPs,!respectively!(see!also!Chapter!3).!This!means!corresponding!NOECs!for!

life8long!exposure!are!0.2!and!2!μg/L,!respectively.!!

!

Translating!functional!traits!into!life!history!effects!through!the!DEB!simulations!shows!that!

significant! effects! and! rendered! putative! LOEC! values! for! either! mussel! traits! (growth! or!

fecundity)! of! 20! µg/L! and! 2! µg/L,! respectively! for! 5! nm! Ag! ENPs! and! ionic! silver.!

Furthermore,!NOEC!values!were!calculated!as!2!µg/L!and!0.2!µg/L,!respectively.!However,!it!
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Silver effects- nanocosms
2	ug/L	ionic	silver	

4	weeks	

20	ug/L	nanoAg	(5	nm,	
paraffin	coated)	

4	weeks	

ACTUAL	DOSE	1.0	μg/L/h	(LOEC)		

short	term	chronic	toxicity	test)	
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Gill transcriptomics & high-resolu5on arrays 
(GILLS)
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Shared genes/features
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Only in Ag+ Cellular Components



Nanogentools	confiden.al	
	

55	

Only in Ag+ CC
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Only in nanoAg (components)

Over-represented	

Down-represented	
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Only in nanoAg (process)

Over-represented	

Down-represented	
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DG NANO
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DG ionic silver
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CONCLUSIONS	

1.  To	what	level	are	silver	NPs	toxic	to	mussels	?	

2.  What	is	the	contribuKon,	if	any,	of	the	nano	scaled	form	to	toxicity?		

3.  What	is	the	mode	of	acKon	of	AgENP	and	what	differences	with	the	ionic	form?		

4.  How	can	AgENP	toxicity	be	projected	to	populaKon	level?		

CONCLUSIONS	
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CONCLUSIONS	

ü 	The	full	range	of	ecotox	endpoints	has	been	determined	for	acute	and	chronic	tests	

ü Silver	is	toxic	in	the	submicromolar	range		

1.  To	what	level	are	silver	NPs	toxic	to	mussels	?	
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CONCLUSIONS	

ü  Our	data	suggest	that	actual	(total)	silver	concentraKon	is	the	leading	toxicity	driver	

ü  The	main	contribuKon	of	the	nano-scale	is	relaKve	to	the	how	silver	is	presented	to	the	animal	Kssue	(aggregaKon,	
sedimentaKon,	etc).	

ü  NanoSilver	appears	to	be	less	reacKve	(less	ROS	acKvity)	than	Ag+	ions,	but	more	readily	available	to	the	digesKve	
Kssue	

2.			What	is	the	contribuKon	of	the	nano	scale?		
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CONCLUSIONS	

3.		What	is	the	mode	of	acKon	of	AgENP	and	what	differences	with	the	ionic	form?		

	
ü  Ionic	silver	elicits	response	to	oxidaKve	stress	(anKoxidant	enzymes)	

ü  Complex	dynamics	characterize	the	response	to	the	ionic	and	nano	silver	form	with	a	parKal	overlap	of	the	
molecular	signature	in	both	analyzed	Kssues	

ü  	Microarray	data	indicate	Ag+	had	a	more	ready	impact	on	intracellular	targets	such	as	mitochondria	and	
ribosomes	(protein	translaKon)	
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CONCLUSIONS	

4.	Can	AgENP	toxicity	be	projected	up	to	high	order	level?		

ü  Long	term	bioenergeKc	measurements	by	means	of	DEB	confirmed	chronic	ecotox	endpoints	

ü  AgNP	LOEC	for	fecundity		is	around	1	µg/L/(h)	

ü  PEC/PNEC	risk	assessment	would	suggest	a	risk	level	of	0.01	(low	risk)	
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Safe by Design and the Fiber Paradigm 
MW

CN
Ts

Nanothinx S.A.

Fig. 1. Diagram showing the situation of the types of 
pathology caused by fibres. (Donaldson et al, Advanced 
Drug Delivery Reviews 65 (2013) 2078–2086)

Donaldson et al. Particle and Fibre 
Toxicology 7 (2010) 5 -22.

Nanogentools		
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Toxicity

2 - External
diameter

4 -
Functionalization

(composition)

1 - Length

3 - Purity
Dispersion
medium

5 - Surface 
modifications

Z-potential

Toxicity determinants ?

MechanisKc	understading	of	MWCNT	
toxicity	
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Morphological, Chemical and Crystallographic characterization of 
asbestos in biological matrix 
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SEM-EDX	analysis	of	asbestos	fibers	

Prof.	Caterina	Rinaudo,	PI	@	UPO	
Alessandro	Croce,	Co-PI	@	UPO		
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Amosite 

Tremolite 

Antophyllite 

Crocidolite 

C.Rinaudo, E.Belluso, D.Gastaldi: “Assessment of the use of Raman spectroscopy for the determination of amphibole asbestos”  Miner. Mag., 2004, 68(3), 455-465. 
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Molecular systems approach

• Assess	toxicity	endpoints,	short	and	long	term	
•  Survival,	mitogenicity,	epithelial-fibroblast	transiKon,	cell	transformaKon		

•  Toxicogenomic	approach,	use	classificaKon	algorithm			
• Detailed	Protein	corona	assessment	by	Triple-TOF	based	shotgun	
proteomics	
• Derive	a	predicKve	model	for	asbestos	induced	lung	cancer	
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